ABSTRACT: The ability to modulate the physical properties of a supramolecular hydrogel may be beneficial for biomaterial and biomedical applications. We find that guanosine (G 1), when combined with 0.5 equiv of potassium borate, forms a strong, self-supporting hydrogel with elastic moduli >10 kPa. The countercation in the borate salt (MB(OH) 4 ) significantly alters the physical properties of the hydrogel. The gelator combination of G 1 and KB(OH) 4 formed the strongest hydrogel, while the weakest system was obtained with LiB(OH) 4 , as judged by 1 H NMR and rheology. Data from powder XRD, 1 H double-quantum solid-state magic-angle spinning (MAS) NMR and small-angle neutron scattering (SANS) were consistent with a structural model that involves formation of borate dimers and G4·K + quartets by G 1 and KB(OH) 4 . Stacking of these G4·M + quartets into G4-nanowires gives a hydrogel. We found that the M + cation helps stabilize the anionic guanosine-borate (GB) diesters, as well as the G4-quartets. Supplementing the standard gelator mixture of G 1 and 0.5 equiv of KB(OH) 4 with additional KCl or KNO 3 increased the strength of the hydrogel. We found that thioflavin T fluoresces in the presence of G4·M + precursor structures. This fluorescence response for thioflavin T was the greatest for the K + GB system, presumably due to the enhanced interaction of the dye with the more stable G4·K + quartets. The fluorescence of thioflavin T increased as a function of gelator concentration with an increase that correlated with the system's gel point, as measured by solution viscosity
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■ INTRODUCTION
Understanding molecular recognition and self-assembly processes is key for building functional materials such as supramolecular hydrogels.
1 Supramolecular hydrogels are colloidal networks composed of molecular building blocks that self-assemble into a fiber network that can entrap relatively large amounts of water. 2 Entanglement of these fibers leads to a hydrogel, one that is typically 98% water by weight, but is selfsupporting and does not flow freely. Because the supramolecular assemblies that define the gel's network are held together by noncovalent interactions, supramolecular gelation is a dynamic and reversible process that may respond to stimuli, such as pH, light, enzyme activity, ions or temperature. 3−8 Responsive and dynamic hydrogels are understandably attractive for many applications, including sensing of biomolecules and ions, as media for cell culture, tissue engineering and targeted drug delivery. 1,9−14 Supramolecular hydrogels made from biomolecules are of particular interest for in vivo applications. 15, 16 Water-soluble derivatives of guanosine, such as 5′-guanosine monophosphate (5′-GMP) have been known to form gels for over a century. 17 Gelation of water and organic solvents by guanine derivatives has led to a number of interesting systems. 11,18−37 Gelation by guanine analogues typically involves templation of G4-quartet motifs by cations such as K + and Na + , where four guanine bases form a noncovalent macrocyle that is held together by hydrogen bonds and ion-ligand dipole interactions. The cations further assist the stacking of individual G4-quartets to give extended G4-wires, which ultimately form the fibers that underlie hydrogel formation. However, to gel water with 5′-GMP and other guanosine analogues one typically needs to use relatively high concentrations of the nucleobases gelator (generally >0.05 M) and KCl (0.1−0.5 M). This requirement is likely because of the stiff competition from water that makes formation of the G4-quartet's hydrogen bonds and ion-dipole interactions challenging. If one could enhance these noncovalent interactions in such a polar environment, hydrogelation would be easier. Dimerization of the guanosine gelators, using dynamic covalent bonds is one way to favor hydrogel formation at lower gelator concentrations. 8, 38 We recently reported studies on a G4·K + hydrogel, one in which gelation of water by guanosine (G 1) itself is achieved by addition of just 0.5 equiv of KB(OH) 4 relative to the concentration of the gelator G 1. 25, 26, 39 As shown in Scheme 1, we proposed that hydrogelation is due to the borate anion's ability to promote dimerization of G 1 in water, which then facilitates the subsequent self-assembly of G 1 that leads to hydrogel formation. Borate esters are anionic, tetravalent species formed by reaction of cis-1,2-diols with B(OH) 3 or B(OH) 4 
−
. Borate-diol chemistry has been applied extensively to numerous processes in water, including chromatographic separation of sugars and nucleosides, 40 modulation of sugar conformation to direct reaction progression, 41, 42 and templation of base-pairs by nucleic acid analogues. 43 As depicted in Scheme 1, borate esters formed from reaction of G 1 and B(OH) 4 − can exist as either monomers or dimers. Depending on the solution conditions, a GB monoester 2, formed by initial reaction of B(OH) 4 − with G 1, is able to chelate a second guanosine, giving rise to diastereomeric GB diesters 3 and 4. We proposed that the GB diesters 3/4 are crucial to formation of the supramolecular network that gels water. In this system, formation of the anionic GB diesters 3/4 helps dissolve G 1, a notoriously insoluble compound, in water. We also hypothesized that GB diesters 3 and 4 are the building blocks that ultimately result in the formation of GB hydrogels, a system with enhanced stability and unique physical properties when compared to other G4 gels. For example, these GB hydrogels are indefinitely stable when suspended in 155 mM KCl solution. Because the GB·K + hydrogel is anionic and remains intact in salt water it is able to selectively extract cationic compounds from solution and incorporate those compounds into its network. Moreover, cis-1,2-diols other than G 1 can be incorporated into the GB hydrogels, presumably by forming covalent linkages with some of the tetravalent borates that are in the gel network. These unique properties may make the GB hydrogels attractive for sensing and drug delivery applications.
In our initial report we proposed the mechanism for formation of GB hydrogels from G 1 and KB(OH) 4 that is shown in Scheme 1. Now, in this paper, we describe efforts to test whether Scheme 1 is a reasonable mechanism. Experiments in this paper have led to further insight into how individual components, such as the borate salt M + B(OH) 4 
, and proposed intermediates, such as the GB diesters 3/4, the G4· M + quartets and the stacks of G4 quartets, help define the structure and properties of these GB hydrogels. For example, we have expanded characterization of the hydrogel by using solid-state NMR and powder X-ray diffraction to obtain molecular-level evidence for G4-quartet formation and stacking of G4-quartet units. We have also used small angle neutron scattering (SANS) to get information about the dimensions of the hydrogel fibers, data that is consistent with our structural model. Such studies have revealed that changing a single component can result in significant changes in macroscopic properties. For example, G 1 and KB(OH) 4 , when mixed in water at the right concentration and stoichiometry, give a remarkably sturdy hydrogel. But, replacing KB(OH) 4 with LiB(OH) 4 gives a material that is more like a viscous liquid rather than a gel. Finally, we have continued our exploration of studying how cationic dyes interact with the anionic GB hydrogel. We have found that thioflavin T (ThT) shows a large increase in fluorescence in the presence of G 1 and borate salts, presumably by binding G4-quartet assemblies. This ThT response is sensitive to the cation used in the hydrogel recipe, and we have found that ThT can be used to monitor the hydrogelation process that is promoted by G 1 and borate salts. 4 is the assembly of stacked G4-quartets that provide the core of the hydrogel's fibers. In our initial communication we provided CD evidence for G4-quartet stacking. 26 Now, we show powder X-ray diffraction (PXRD) and solid-state NMR data that is consistent with the stacking of G4-quartets in the GB hydrogel. PXRD data obtained from a freeze-dried sample of a GB hydrogel formed from G 1 and 0.5 equiv of KB(OH) 4 showed a significant peak at 2θ ≈ 26.8°(d = 3.3 Å), which is in line with the π−π stacking distance between two planar G4-quartets ( Figure S1 , Supporting Information).
In addition to PXRD analysis, magic-angle spinning (MAS) 1 H NMR also provided evidence for the formation and stacking of G4-quartets. 44 1 H double-quantum (DQ) MAS spectroscopy is a powerful probe of proton−proton proximities in the solid state, 45 and the technique has been recently used to distinguish G4-quartet from G-ribbon structures in supramolecular assemblies formed by lipophilic guanosine analogues.
46 Figure  1 presents a 1 H DQ-SQ (single-quantum) correlation spectrum for a lyophilized 2 wt % G 1·KB(OH) 4 hydrogel, recorded at a 1 H Larmor frequency of 600 MHz and MAS frequency of 60 kHz. In DQ-SQ MAS spectra, peaks are observed in the DQ dimension as the sum of the SQ chemical shifts for pairs of hydrogens in proximity (<3.5 Å). 43 Consider the region of the spectrum in Figure 1 that corresponds to the imino NH1 (10.5 ppm) and amino NH2 a,b and aromatic protons H8 (6−9 ppm). Rows that arise from DQ-SQ correlation peaks are plotted on the left. The DQ peaks at δ DQ 17.0 ppm and δ DQ 18.3 ppm correspond to intramolecular NH1−NH2 interactions, with DQ chemical shifts that are diagnostic of the G4-quartet's hydrogen-bonded structure. 45 This DQ-SQ spectrum also shows another important feature, namely, a DQ peak at δ DQ 21.0 ppm, which we interpret as corresponding to an intermolecular NH1−NH1 interaction between stacked G4-quartets (δ DQ = 10.5 + 10.5 = 21 ppm). In summary, this 1 H NMR data (1) establishes that the GB hydrogel contains stacked G4-quartets and (2) expands the use of 1 H MAS DQ-SQ to identify structural elements in supramolecular hydrogels.
Small-Angle Neutron Scattering Data Is Consistent with a G4-Based Hydrogel. With evidence for G4-quartets in the solid state, we next examined the morphology of the elements in the gel. In supramolecular gels, the gelator molecules self-assemble into fibers, which then together form a three-dimensional network that is referred to as a selfassembled fibrillar network (SAFiN). For the GB hydrogel, this SAFiN likely arises from G4-quartets that stack to give G4-wires, which can then form fibrils that entangle into a network (Scheme 1). We previously obtained images of this fibril network by using cryoTEM. 26 The hydrogel's entangled fibers were 4−6 nm in width and were μm in length. In this paper, we now describe more data about the SAFiN by comparing small angle neutron scattering (SANS) data of the GB hydrogel with SANS data obtained from another well-characterized G4 hydrogel, one formed from a binary mixture of triacetylguanosine (TAcG 5) and guanosine (G 1).
22,23
The SANS data on both these gels is shown in Figure S2 (Supporting Information). These data were fit to a model for discrete semiflexible chains. From the model fits, radii (r) and persistence lengths (L) of the chains were obtained and are shown in Table 1 for the K + GB hydrogel (2 wt % G 1) and the binary TAcG 5:G 1 hydrogel (1:1 mix; 2 wt %). The fibers in the GB hydrogel were found to have a radius of 21.5 Å and a persistence length of 460 Å. These values are consistent with fiber dimensions from our previous cryoTEM analysis of the GB hydrogel. 26 The TAcG 5:G 1 binary gel, which serves as a control here, had chains with a significantly smaller radius (16.9 Å). 22 Adopting the core−shell model developed by Rowan for the structure of the TAcG 5:G 1 binary hydrogel, 22 we used our SANS data to provide insight into structural differences between the GB hydrogel and the control gel (TAcG 5:G 1). In this core−shell model, the nucleobases of the G4-quartet are proposed to form the core of the hydrogel's fiber and the attached sugars make up the shell. For the TAcG 5:G 1 binary gel, Rowan previously proposed that the radii of both the G4-quartet core and the surrounding ribose shell was between 7 and 8 Å. 22 From the SANS data that we collected on the 2 samples (Table 1) , the radius of the GB fibers is about ∼1.3 times that of the TAcG 5:G 1 fibers. Since the G4-quartet cores of both hydrogels are identical, the SANS data indicates that, relative to the TAcG 5:G 1 control sample, the GB fibers must have an expanded ribose shell. This expanded shell for the GB fibers, as illustrated in Figure 2 , is consistent with a second ribose being covalently attached because of the borate diester linkage. Thus, 1 H (600 MHz) 2D DQ-SQ MAS (60 kHz) NMR correlation spectrum of a lyophilized powder from a 2 wt % G 1· KB(OH) 4 hydrogel. Extracted rows at the stated DQ frequencies (in ppm) are shown. The F 1 = 2F 2 diagonal is drawn as a dashed line, and base contour level is at 1.1% of maximum peak height. 
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Article overall, the SANS data is consistent with the structural model we propose in Scheme 1 and Figure 2 .
Rheology Shows That G 1·KB(OH) 4 Is a Strong Hydrogel. Having established the presence of a fibrous network composed of G4-quartets, we next sought to examine these hydrogels on the macroscopic scale. The fibrous network of a hydrogel typically results in the material exhibiting solidlike rheology. 1, 2 That is, when examined as a function of frequency, the storage modulus (G′) of the material should remain larger than its loss modulus (G″), and moreover, G′ should be independent of frequency, indicating that the fibrous network does not relax even over long time scales. With this in mind, we examined the rheological properties of the G 1· KB(OH) 4 hydrogel and compared it to the material made from G 1 and LiB(OH) 4 , which by manipulation and visual observation we knew to be weaker than the G 1·KB(OH) 4 hydrogel. Both were studied at a concentration of 2 wt %.
As shown in Figure 3A , dynamic frequency sweeps indicate that the K + GB hydrogel has an elastic response that is essentially independent of frequency over the entire range of frequencies tested. Furthermore, the 2 wt % K + hydrogel has a storage modulus (G′) of ∼11 kPa, suggesting that it is a strong hydrogel. This is consistent with the fact that the material holds its weight in an inverted vial for extended periods of time. Oscillatory stress sweeps reiterate this finding in that the yield stress of the K + material, i.e., the stress at which G′ rapidly plummets, is ∼400 Pa ( Figure 3B ). In contrast, the Li + GB system has a G′ that is much closer to G″ and both moduli vary substantially with frequency. Oscillatory stress sweeps on the Li + GB show a gradual decrease in G′ with stress rather than the yielding behavior seen with the K + GB material. These rheological data not only demonstrate that the K + GB system is a robust hydrogel, but also emphasizes the cation's importance in defining the structure and properties of these G 4 ·M + borate hydrogels.
1 H Solution-State NMR Shows That the Cation Is Important in Stabilizing G 4 ·M + Borate Hydrogels. Rheology clearly showed that the macroscopic properties of materials made from G 1 are different depending on whether KB(OH) 4 or LiB(OH) 4 is added. We next sought to determine the role of the alkali metal cation in stabilizing these G 4 ·M + borate hydrogels at the molecular-level. To start, we visually assessed gelation of a 2 wt % solution of G 1 that contained different alkali borate salts. As shown in Figure 4A , after allowing the samples to sit at room temperature for 4 h, the Na + , K + , Rb 
Article and Cs + systems all formed hydrogels of varying opacity (vials Na, K, Rb, and Cs, respectively). Specifically, while the K + hydrogel is entirely transparent, GB gels formed with NaB(OH) 4 are turbid and cloudy. Additionally, the Li + system can be seen to be flowing down the side of the vial in Figure  4A , indicating its viscoelastic character. The Li + system does eventually form a nonflowing and transparent GB hydrogel, given longer times to stand, but its structure is very weak. That is, upon agitation, the Li + GB hydrogel rapidly forms a nonviscous, free-flowing solution, and does not revert to a gel thereafter. We are currently in the process of further characterizing and exploiting this unique behavior.
While visual observations from "inverted vial" tests suggested that the K + GB hydrogel was stronger than those formed with other alkali cations, we sought to quantify the cation's influence by comparing the gel−sol transition temperatures (T m ) obtained from variable temperature solution-state 1 H NMR (VT-NMR) experiments ( Figure 4B ). In these VT-NMR experiments, we measured the amount of G 1 in the sol as a function of temperature by integrating the NMR signals for G 1 and its borate esters 2−4. As the temperature increased, the gel phase melted and transformed into a sol. 8, 19 As the temperature approaches the gel−sol transition temperature (T m ), the % of total G 1 in the sol phase dramatically increases. This transition temperature is the point at which half of the material initially in the gel has been released into the sol. Thus, comparing the observed T m values from these VT-NMR melt curves allowed us to assess the relative stability of the different GB-M + hydrogels.
As one might anticipate for an assembly built from G4-quartets, Figure 4B shows that the K + GB hydrogels have the highest gel−sol temperature, with a T m value of ∼57°C. In contrast, hydrogels formed from G 1 in the presence of other alkali metal borates (Li + , Na + , Rb + , Cs + ) melted at temperatures that were below (∼15−20°C) the T m value of the K + GB gel. The biggest difference in T m values was between the Li + and K + GB hydrogels. This is further evidenced by comparing the variation in % G 1 in the sol phase for each system. At 25°C, over 80% of total G 1 is in the gel phase for the K + GB system. Conversely, only about 48% of the G 1 is in the Li + hydrogel at 25°C, presumably resulting in the differences in strength and stability for the 2 systems.
On account of these variations in physical properties, we hypothesized that different M + GB hydrogels might display detectable differences in structure that could help test our gelation mechanism in Scheme 1. We had proposed that hydrogelation by G 1 was triggered by formation of borate diesters 3/4 and subsequent self-association of those dimers into G4-quartets. In the next sections, we focus on whether different M + GB hydrogels show observable changes in molecular structure, as detected by NMR.
1 H and 11 B Solution-State NMR Confirm That Guanosine Borate Diesters Are Key Components of the G4·K + Hydrogels. The borate diesters 3/4 have been proposed, by us and others, 25, 26 to be important for hydrogel formation in the presence of G 1 (Scheme 1). In our initial report on these GB hydrogels, we used solid-state 11 B NMR, 26 to identify and distinguish 11 B signals for GB diesters 3/4 that were in the gel and sol phases. Furthermore, we found that stronger gels had higher percentages of the GB diester 3/4 in the gel phase, rather than in solution. We took this as evidence that GB diesters are essential for gelation.
As shown below, the key role of the GB diesters 3/4 in the hydrogelation triggered by G 1 and borate salts was illuminated when comparing VT 1 H and 11 B solution-state NMR spectra for GB hydrogels. These VT-NMR experiments allowed us to monitor the species in solution and, thus, indirectly determine what the major species were in the gel phase. For our initial studies, we began with VT 11 B and 1 H NMR on a gel formed using G 1 (50 mM) and NaB(OH) 4 (25 mM) in D 2 O. The Na + hydrogel was chosen because, unlike the sturdier K + GB gel, it gave well-resolved NMR signals for all the low-molecular species involved in gelation: G 1, monoborate ester 2 and diborate esters 3/4. As shown in Figure 5 , at temperatures below 25°C, we observed a single peak at δ 6.01 ppm (with BF 3 ·O(C 2 H 5 ) 2 as reference). On the basis of our previous work with nucleoside-borate esters and literature precedent, we assigned this 11 B NMR signal to the GB monoester 2.
26,47−49
As the temperature was increased, a second 11 B NMR peak at δ 10.83 ppm began to appear and increase in relative intensity. We assigned this signal at δ 10.83 ppm to the GB diesters 3/4, again based on literature precedent.
Additional structural information on the composition of the gel phase was obtained from VT 1 H NMR experiments, which we ran in parallel with the 11 B NMR VT studies. Again, as the gel melted, the 1 H NMR spectra changed significantly. We found the ribose H1′ region to be ideal for monitoring these structural variations. At low temperatures (T < 25°C), two discrete doublets are seen, one for monomeric borate ester 2 at δ 5.89 ppm (d, J = 4.2 Hz) and the other for "free" G 1 δ at 5.92 ppm (d, J = 5.4 Hz). As the sample was warmed, a new peak appeared; at 45°C this new peak was a well-resolved doublet at δ 5.86 ppm (d, J = 4.2 Hz). We assigned this signal to the 1 H proton for borate diesters 3/4. . At 15°C, only the peak at δ 6.01 ppm is present, corresponding to monoester 2. At higher T (25−65°C), an additional peak at δ 10.83 ppm appears for GB diesters 3/4. Similarly, VT 1 H NMR spectra at 15°C show two doublets, one at δ 5.92 ppm, which correlates to free G 1 and the other at δ 5.89 ppm, which we assigned as the monoester 2. As the temperature is increased, a new peak appears (25−35°C) and resolves into a doublet at δ 5.86 ppm by 45°C. We assigned this peak as the GB diesters 3/4. Peaks were assigned on the basis of DOSY.
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Article To corroborate assignments of the GB monoester 2 and diesters 3/4, we measured diffusion coefficients at 45°C for the resolved H1′ peaks by diffusion-ordered NMR (DOSY). The largest diffusion coefficient (6.050 × 10 −10 m 2 s −1
), indicating that it is the smallest species in solution, corresponded to the peak at δ 5.92 ppm that we had assigned to G 1. The diffusion coefficient for the peak at δ 5.89 ppm (5.
) was for the peak at δ 5.86 ppm, signifying that it belongs to the largest species in solution, namely, the GB diesters 3/4.
With our assignments confirmed by this diffusion NMR experiment, it became clear that the 1 H and 11 B VT-NMR data fully support our proposal that the GB borate diesters 3/4 drive the gelation mechanism. At temperatures that are well below the hydrogel's melting temperature, the sol phase is comprised of only GB monoester 2 and free G 1. There is no borate diester 3/4 observed in solution at these lower temperatures, and thus the borate diesters must all be in the gel phase. However, as the temperature increases and the gel network starts to dissociate, the 1 H and 11 B NMR signals for GB diesters 3/4 appear and increase in intensity until the gel melts. This VT solution NMR data, combined with our previously reported solid-state MAS NMR data, indicates that GB diesters 3/4 are the primary guanosine and borate species within the GB hydrogel.
Additional KCl Strengthens the GB Hydrogels. Our data indicated that borate diesters 3/4 and the G4-quartet are important for hydrogel formation. But, we realized that there was not enough K + in a 2:1 mixture of G 1 and KB(OH) 4 to fully stabilize all the anionic diesters 3/4 and fill all the G4-quartet units that would make up the hydrogel. We hypothesized that additional K + , in some form other than its borate salt, should promote complete formation of borate diesters and the G4-quartets, which should cooperatively enhance fiber formation and thereby increase the strength of the GB hydrogel.
As shown in Figure 6 , the melting temperature (T m ) of the GB hydrogel made from a 2:1 mixture of G 1 and KB(OH) 4 increased upon addition of KCl. This gel-to-sol transition temperature, as measured by standard "inverted vial-tests", increased as a function of [K + ] until 2 equiv of KCl had been added to the mixture ( Figure 6A) . A similar increase in the hydrogel's T m was also observed when KNO 3 was added as the K + source, suggesting that this phenomenon was due to the additional K + , which could fully saturate the borate diester and G4-quartet binding sites ( Figure 6B) . Importantly, addition of excess KB(OH) 4 beyond 0.5 equiv had the opposite effect on the hydrogel's stability. Thus, the GB hydrogel made from a 2:1 mixture of G 1 and KB(OH) 4 melted at 58.1°C, whereas the T m of the system containing an additional equiv of KB(OH) 4 dropped to 40.8°C, representing a significant decrease in gel stability.
The above observations can be rationalized by considering the structural implication of adding extra K + or B(OH) 4 − to the GB hydrogel (Figure 7 ). The increase in T m values, upon addition of KCl or KNO 3 , is presumably the result of the increased stabilization of the G4-quartet and anionic borate ester units within the hydrogel. This would ultimately lead to an increase in fibril formation and thus gel strength. Conversely, addition of extra KB(OH) 4 beyond the 2:1 G 1:borate ratio would shift the equilibrium toward forming more GB monoester 2 at the expense of the borate diesters 3/4. Since the GB diesters 3/4 are the major borate species in the gel network, dissociation of any borate diesters 3/4 to give GB monoester 2 would weaken the GB hydrogel and lower its melting point.
To probe this rationale, we assessed the structural ramifications of adding extra K + or B(OH) 4 − to the GB gel by CD spectroscopy. As anticipated, addition of 1 equiv of either KCl or KNO 3 to the K + GB hydrogel resulted in an increase in the G4-quartet's characteristic CD signal near 260 nm ( Figure 7) . In sharp contrast the G4-quartet's CD signal at ∼260 nm was significantly reduced relative to other peaks at 280 and the red-shifted peak at 310 nm when a supplemental equiv of KB(OH) 4 was added. Thus, the data shown in Figure 6 are consistent with the proposal that additional K + helps promote and stabilize both the borate diester bonds and the G4-quartet structures, which are the key building blocks for the hydrogel's fibrous network.
Fluorescence of Thioflavin T Is Useful for Monitoring Hydrogelation Triggered by Guanosine 1. In an earlier communication, we showed that the GB hydrogel binds cationic dyes. 26 In this study, we explored whether thioflavin T (ThT 6) could be used to sense formation of G4-quartets during the self-assembly process that leads to hydrogel formation. ThT 6 is a benzothiazolium derivative that has been used as a selective indicator for G-quadruplex DNA. 50−53 Upon binding to G-quadruplex DNA, ThT 6 displays a strong enhancement in fluorescence. Because this ThT assay is established for G-quadruplex DNA, 49−52 we reasoned that this protocol might be useful for identifying G4-quartet assembly by guanosine itself.
Without any G 1 in solution ThT 6 was not fluorescent ( Figure S3, Supporting Information) . But, as shown in Figure 8 , the fluorescence of ThT increased significantly in solutions that contained G 1 (0.4 wt %, 14.4 mM) and alkali borates (7.2 
Article mM). These solutions are at gelator concentrations of G 1 that are below where a hydrogel is formed, indicating that the ThT is likely binding to soluble G4-quadruplex fragments that are precursors to the fully formed hydrogel network. In addition, there was an obvious difference, both spectroscopically and visually, in the fluorescence intensity of the G 1·KB(OH) 4 sample as compared to solutions of G 1 that contained the other borate salts (Li+, Na+, Rb+, Cs+). While ThT 6 fluoresced at 490 nm in all the solutions of G 1·MB(OH) 4 (14.4 mM G 1; 7.2 mM MB(OH) 4 ; 0.05 mM ThT 6), the G 1· KB(OH) 4 showed a ∼1.7 fold enhancement in its relative fluorescence intensity over the other metal borate complexes (Figure 8 ). This selectivity for K + was clearly apparent when various samples (14.4 mM G 1; 7.2 mM MB(OH) 4 ; 0.1 mM ThT 6) were illuminated with UV light from a hand-held lamp. This enhanced fluorescence at 490 nm is consistent with the cationic ThT 6 binding to G4-quartets that are present in solutions containing G 1 and the alkali borates. The data in Figure 8 also indicates that while all the MB(OH) 4 salts can template formation of G4-quartets by G 1, it is the K + salt that is the most efficient.
Encouraged by these observations, we employed the ThT assay to monitor hydrogelation triggered by G 1 and KB(OH) 4 . To do so, we measured the fluorescence of ThT 6 as a function of the concentration of G 1 (while maintaining a 2:1 G 1:KB(OH) 4 ratio). Figure 9 shows a concentration-dependent increase in the fluorescence of ThT 6, with the most dramatic change occurring in solutions between 0.3 and 0.5 wt % in G 1. In solutions with less than 0.3 wt % (10.8 mM) of G 1, the fluorescence of ThT 6 was near zero. However, between 0.3 and 0.4 wt %, fluorescence at 490 nm increased significantly and then leveled off at concentrations of 0.5 wt % of G 1. This spike in the solution's fluorescence intensity, with a midpoint near 0.4 wt % of G 1, corresponds with the critical gelation Figure 7 . Addition of KCl or KNO 3 stabilizes the G4-assemblies and the anionic GB diesters 3/4 within the GB hydrogel. Conversely, KB(OH) 4 addition results in the formation of GB monoesters 2 at the expense of the GB diesters 3/4, a key building block of the gel network, ultimately destabilizing the hydrogel. The CD spectra of these systems (36 mM G 1, 18 mM KB(OH) 4 ) provide evidence for this proposed mechanism. While the intensity of the G4-quartet CD signature increases and sharpens in the presence of KCl and KNO 3 (36 mM), these signals notably decrease with additional KB(OH) 4 (36 mM). Figure 8 . ThT fluorescence is cation dependent. This is apparent spectroscopically (top; 5 μM ThT 6) and visually (bottom; 100 μM ThT 6) at 0.4 wt % G 1 (14.4 mM G 1; 7.2 mM MB(OH) 4 ). The highest fluorescence is seen for the K + GB hydrogel, suggesting it has the largest number of G4-quartets at this concentration. Figure 9 . ThT 6 fluorescence increases with G 1 concentration. This can be seen visually under a UV lamp as we increase the concentration of G 1 from 0.1 to 0.8 wt % (100 μM ThT) (top). The fluorescence intensity at 490 nm begins to increase around 0.3−0.4 wt % G 1 correlating closely with the gel point of our GB hydrogel. ThT 6 fluorescence plateaus at ∼0.5 wt % G 1 (bottom; 5 μM ThT).
Article concentration (CGC) of the same G 1·KB(OH) 4 system that we determined from solution viscosity measurements ( Figure  S4 , Supporting Information). Overall, this ThT assay is convenient for monitoring the hydrogelation process involving G 1 and alkali borates. It will be interesting to see if the assay can be applied to other guanosine-based hydrogels, especially the classic 5′-GMP·K+ system.
■ CONCLUSIONS
Combining G 1 and 0.5 mol equiv of KB(OH) 4 together in water gives a true hydrogel, a transparent material with an established 3D fibrous network and a high storage modulus. The physical properties of the GB hydrogel can be modulated simply by varying the borate salt's cation. Co-addition of KB(OH) 4 gave the strongest GB hydrogel, whereas replacement with LiB(OH) 4 gave a much weaker material. The data that we presented in this paper indicate that the cation's impact on gel stability is due to its role in stabilizing both the anionic borate diesters 3/4 and the G4-quartet units that are the key building blocks for this supramolecular hydrogel. We plan to continue to explore the ability of various cations, anions and guanosine derivatives to modulate the structural and functional properties of these GB hydrogels. We also found that the G4-quartet ligand, ThT 6, fluoresces in the presence of both the GB hydrogel and its soluble G4-quadruplex precursors. The largest fluorescence response was observed in the K + system, presumably due to the increased number and stability of G4-quartets and the enhanced binding opportunities for ThT 6 when this cation is present. The fluorescence intensity increased as a function of G 1 concentration, allowing us to easily measure the sol−gel transition for this system. Thus, this ThT assay can provide valuable insight into gel formation by G4-quartet based systems. In the future, we hope to further investigate the interactions of ThT 6 and other ligands with these GB hydrogels and determine if incorporating these "small molecules" into the gel network will alter the structure and properties of these supramolecular GB hydrogels. 
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Supporting Information References S11 [1] the excitation and reconversion of DQ coherence was achieved using one rotor period of BABA (back-to-back) recoupling. [2, 3] 
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Rheology Procedure: Gels were prepared at 2 wt% (72 mM G 1; 36 mM MB(OH) 4 , M = K or Li) following the general gel procedure. Rheological experiments were performed at 20 °C using parallel plate geometry (20 mm diameter) and a solvent trap to minimize sample drying during measurements. The gel samples were allowed to equilibrate on the plate for 10 min. Frequency sweeps were performed at 1% strain. Stress sweeps were performed at 10 rad/sec by ramping the stress from 0.5 to 1000 Pa. 
Procedure for Variable
Total concentration of each target (85 °C) was confirmed by adding 2 µL of DCl to the NMR tube and dissolving the gel. 11 B NMR spectra were obtained on the same samples using 1000 scans with a 90° pulse length, a relaxation delay of 0.2 s, and pre-scan delay of 8 µs. Experiments were repeated at least three times.
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Procedure for Diffusion-Ordered Spectroscopy Measurements: A Na + GB hydrogel (50 mM G 1;
25mM NaB(OH) 4 was prepared according to the general gel procedure and lyophilized to form a white powder. X-ray powder diffraction measurements were performed with a Cu radiation source at 20 °C using a Bruker D8 Advance Bragg-Brentano Diffractometer equipped with a LynxEye detector.
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Figure S1
. Powder X-ray diffraction spectrum of a lyophilized 0.4 wt% K + GB hydrogel (14.4 mM G 1, 7.2 mM KB(OH) 4 ) shows evidence for G4-quartet formation. The spectrum shows a signal at 2θ ≈ 5.7° with a corresponding distance of 19.7 Å, in line with the width of a single G4-quartet. Additionally, there is a signal at 2θ ≈ 26.8° (d = 3.3 Å), which corresponds to the π-π stacking distance between two G4-quartets. were prepared in 3 mL vials according to the general gel procedure, and supplemental equivalents of KCl, KNO 3 , or KB(OH) 4 were added as necessary. Samples were allowed to cool and set for at least 24 h. The final volume of each sample was 1 mL. Wire was attached to the top of the vials with electrical tape, and the samples were suspended in a water bath. The temperature of the water bath was increased at a rate of 5 °C/min and allowed to equilibrate for 3 min before inversion. At each temperature, the vial was physically inverted to assess melting. The sample was considered "melted" when the gel flowed upon inversion and could no longer maintain the solid-like rhelogy. If the sample had not melted by 100 °C, the protocol was performed in an oil bath. Each measurement was repeated a minimum of 3 times.
Procedure for Circular Dichroism Spectroscopy Measurements: CD spectroscopy was performed at room temperature with a 1 wt% GB hydrogel (36 mM G 1) prepared using general gel procedures, and supplemental equivalents of KCl, KNO 3 , or KB(OH) 4 were added as necessary. Samples were allowed to cool and set for at least 24 h. Measurements were made in a quartz Hellma 106-QS cell with 0.01 mm optical path length. Spectra were obtained using a scanning speed of 100 nm/min, response time of 2 s, and bandwidth of 1 nm. At least three scans were accumulated from 500 to 200 nm for each trial.
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Figure S2. Small angle neutron scattering profiles of a 2 wt% G 1•KB(OH) 4 hydrogel and a 2 wt% G 1•TAcG 5 (50:50) binary gel [4] formed with KCl. These data were fit to the flexible coil model resulting in radii of 21.5 Å and 16.9 Å, respectively. Additionally, the Kuhn length was determined to be 460 Å for the GB hydrogel and 355 Å for the G 1•TAcG 5 binary hydrogel. 4 G 1•TAcG 5 + KCl
G 1•KB(OH)
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Procedure for Thioflavin T 6 Assays: GB solutions were prepared at 0.8 wt% G 1 (28.8 mM G 1; 14.4 mM MB(OH) 4 ) according to the general procedure. While warm, the solution was transferred to a vial containing ThT 6 and diluted with water to 0.4 wt% G 1 and 5 µM ThT 6. The samples were shaken to ensure the dye distributed throughout the solution and were transferred to a quartz cuvette (10 mm path length) and allowed to cool for 2h. Emission response was recorded from 455 to 600 nm after exciting at 450 nm. Spectra were acquired at a scanning speed of 240 nm/min, a response time of 0.5 s, with slit widths of 2.5 nm. Samples for concentration dependence experiments were prepared in a similar manner, and emission was measured at 490 nm. All photographic images were obtained using 100 µM ThT.
Viscometry Procedure: All viscometry experiments were performed using Cannon Ubbelohde SemiMicro Size 50 Viscometers. Gel solutions between 0.05-0.4 wt% in G 1 were prepared following the general gel procedure. The solutions were pipetted into the viscometer and allowed to equilibrate in the viscometer for 15 minutes. Each efflux time measurement was repeated 5 times. The average of these efflux times was multiplied by the viscometer constant provided to obtain the kinematic viscosity (η).
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Figure S3. Thioflavin T 6 fluoresces in the presence of the GB hydrogel. While ThT 6 (100 µM) is not visibly fluorescent under a UV lamp (left, vial 100 µM ThT), when exposed to a 1 wt% K + GB hydrogel (36 mM G 1, 18 mM KB(OH) 4 ) there is a notable fluorescence response (left, vial + GB-K + ). This is presumably due to the ability of ThT 6 to dock onto the G 4 -quartets within the GB hydrogel (right).
+ GB-K + S11 Figure S4 . The apparent viscosity of the K + GB system dramatically increases between 0.3 and 0.35 wt% G 1 (10.8 -12.6 mM). The viscosity was determined using the viscometry procedure described above. At concentrations below 0.3 wt% G 1, the viscosity is indistinguishable from water and thus, η sp is ~ zero. Between 0.3 -0.35 wt% G 1, however, η sp spikes dramatically, suggesting the viscosity has increased as a result of the initiation of the fibrous network.
